The extent of human exposure to persistent anthropogenic environmental contaminants is a complex function of the amount of chemical emitted, its physico-chemical properties and reactivity, the nature of the environment, and the characteristics of the pathways for human exposure, such as inhalation, intake of food and water and dermal contact. For some chemicals, the location of emissions relative to areas of high population density or intense food production may also be an important factor. The relative importance of these variables is explored using the regionally segmented BETR North America contaminant fate model and data for food production patterns and population density for North America. The model is applied to four contaminants emitted to air: benzene, carbon tetrachloride, benzo[a]pyrene and 2,3,7,8-tetrachlorodibenzo dioxin. The total continental intake fraction (iF), relating exposure quantity to emission quantity, is employed as a metric for assessing population exposure to environmental contaminants.
INTRODUCTION
Given the range of possible pathways for human exposure and the large number of industrial, agricultural and consumer activities that release chemicals into the environment, simplified methods are needed to assess different scenarios and to identify the combinations of chemical, environmental and population characteristics that lead to elevated exposures. Models of the environmental fate of chemical contaminants and subsequent human exposure have therefore found a variety of scientific and regulatory applications. These include screening level environmental fate assessments, comparative risk assessment of chemicals, and life cycle impact assessments of product or process alternatives. Screening assessments often use intake of chemical as a convenient metric of potential dose of contaminant received by a population. The population-based intake of an environmental contaminant depends on 1) the receiving media for the emission and the multi-media fate and transport of the chemical in the environment, 2) the relationship between contaminant concentration in environmental media and exposure media and 3) the rate at which the population contacts the exposure media through multiple exposure pathways.
There is an incentive to improve current models that describe the source-to-intake relationship for pollutants, and to build confidence in the models by evaluating their performance against available monitoring data. With access to reliable data and models that have been endorsed through peer review, regulators evaluating new chemicals could identify those that pose significant hazard prior to their introduction into the environment.
Predictive models also provide a framework for comparing the "toxicity potential" of industrial products and processes in life cycle impact assessments comparing two or more alternative processes and their associated chemical release scenarios.
Intake fraction (iF) has been proposed as an informative and simple metric for interpreting complex fate and exposure calculations by conveying the source-to-intake relationship for different emission scenarios (Bennett, et al. 2002b ). The iF (dimensionless) under the assumption of steady-state conditions is defined as the ratio of the rate of pollutant intake by the population (mg/day) to the rate of release into the environment (mg/day). It is the fraction of the quantity emitted that enters the human population. In principle iF could be calculated using emissions inventories and monitoring studies, however in practice significant data gaps require estimation of emission rates and the use of models to describe the environmental fate and human exposure to the pollutant.
Several generic screening-level models have been developed to identify chemical and exposure characteristics that result in elevate exposures (Brandes, et al. 1996 , Huijbregts, et al. 2000a , McKone 1993 . A common feature of these models is that they do not include a spatially resolved description of the environment and the population. They treat each environmental medium as homogeneous with respect to the chemical concentration within the region under consideration. Population density and intensity of food production are likewise assumed to be uniform within the region.
Neglecting spatial heterogeneity introduces a degree of model uncertainty into the assessment because certain characteristics of the real system are not captured. For example, if exposure to a contaminant is primarily through inhalation, iF will differ for a given pollutant release in a densely populated urban region compared to the same release in a sparsely populated region. Similarly, if exposure is primarily through ingestion, iF is likely to differ due to the proximity of the source to agricultural regions, where contaminants enter the dietary exposure pathway. The properties of the chemical and environmental factors such as atmospheric conditions or the presence or absence of water bodies in a region will also affect environmental fate and transfer of contaminants into human exposure pathways. Since these effects are potentially important and are not accounted for in a non-spatially explicit multimedia model, there is an incentive to develop models accounting for spatial differences in environmental characteristics, population, food production and contaminant concentrations.
In this paper we present a spatially explicit multi-media contaminant fate and human exposure model for assessing source-to-intake relationships in North America, and 6 illustrate it by application to four contaminants that span a range of environmental mobility and exposure characteristics. The model framework relies on regional-scale databases for North American food production activities that have been compiled from a survey of agricultural statistics. The spatially explicit model framework presented here is a refinement of existing models that describe the environment and population using a single set of average characteristics. We evaluate the importance of the location of pollutant sources relative to regions of agricultural production and high population density when conducting population-based exposure assessments using iF.
METHODS
We have developed a human exposure assessment module that can be coupled with the existing Berkeley-Trent North American contaminant fate model (BETR North America) . BETR North America describes the North American environment as 24 ecological regions, as illustrated in Figure 1 . Within each region the fate of environmental contaminants is described using a seven-compartment fugacity model that calculates multi-media environmental distribution between two atmospheric layers, vegetation, soil, freshwater, freshwater sediments and coastal water.
The model accounts for transport of contaminants between adjacent regions in the atmosphere, in rivers and in near-shore ocean currents. The contaminant fate model is based on the mass balance principle; the total amount of contaminant that enters each region and the continental environment as a whole is tracked and balanced with removal processes. The BETR North America contaminant fate model is applied here to deduce steady-state contaminant concentrations in the environment.
Adapting and extending the BETR North America contaminant fate model for human exposure calculations required formulating equations to describe transfer of contaminants from the environment into pathways for human exposure, development of a database of population and food production activities in North America, and interpretation of the results using iF. Methods used in each of these activities are described below. been widely and successfully applied in human exposure and risk assessments of environmental pollutants (Bennett, et al. 2002a , Bennett, et al. 1998 , Hertwich, et al. 2001 ). However, exposure concentrations in the agricultural food chain are treated differently in the BETR exposure model. Accumulation of contaminants in agricultural meat is described using a simple food chain model, and contaminant concentrations in the four classes of vegetation are determined from estimated equilibrium bioconcentration factors applied either to air or soil. To evaluate the BETR human exposure model in comparison with CalTOX, intake fractions were calculated by both models for individual emissions of 317 chemicals to air in a generic environment calibrated to represent the continental United States. In this comparison exercise the BETR model was simplified to an environmental scenario that can be represented in CalTOX, i.e., the environment, population and food production are described using a single set of homogeneous parameters. Agreement was within a factor of 3 for 250 of the 317 chemicals (79%) and within a factor of 10 for 304 of 317 chemicals (96%), indicating the current model provides results that are consistent with an existing state-of-the-art multi-media human exposure model. Consumption of agricultural foods was the dominant exposure pathway 8 among the 13 chemicals for which there was greater than a factor of 10 difference between the models, and in all cases the BETR model predicted higher exposure for these chemicals than did CalTOX due to the differences between the models in describing contaminant transfers in the agricultural food chain. Intake fractions calculated by the two models agreed within a factor of 2 for benzene, carbon tetrachloride, 2,3,7,8-tetrachlorodibenzo dioxin and benzo [a] pyrene, which are examined in more detail below.
Spatially explicit input data for North America
The spatially explicit source-to-intake model for North America requires input parameters to describe the environment (e.g. rainfall rate, soil characteristics, vegetation cover), population density and intensity of food production in each region of the model.
A database of environmental characteristics and population distribution is already available for the BETR North America regions as part of the contaminant fate model database . But to extend the spatially explicit assessment to human exposure required compilation of a database of food production activities in each region.
Several assumptions were made to reduce data requirements and simplify the spatially explicit characterization of food production and distribution. We assume that the population of North America only consumes food that is produced on the continent, i.e.
there is no consideration of food imports from outside the continent. Additionally, we assume that there are no barriers to transport of food within the continent and that consumers do not show a preference for locally produced foods. This implies that all food produced in North America is combined into a single food basket and that all individuals eat from this food basket. It is emphasized that these assumptions can only be applied in calculations of total population intake, and are not valid for characterizing exposures to specific sub-populations or individuals. However, adopting this approach allows a spatially explicit assessment to be compiled while introducing minimal additional complexity and data requirements. It is consistent with our goal to develop and evaluate models that are iteratively more complex. In this way we assess the importance of including spatial information in population-based human exposure assessments.
Approximate food production rates for eight food categories in each region have been compiled from available data sources to estimate the relative contribution of production in each BETR region in the exposure assessment (Table 1) statistical database (FAO 2002) . In general, the quality and quantity of information available to estimate food production values was highest for the US, where detailed and consistent summaries of state-by-state agricultural production are compiled by the USDA, and lowest for Mexico, where the only available data were the FAO estimates of national food production rates. Given the paucity of data for Mexico, estimated national production was arbitrarily distributed equally among the four BETR regions that lie entirely within Mexico. Data for Canada were extracted from summaries prepared by the individual provinces, but data reporting between provinces was not always consistent and some data gaps existed, particularly for the Yukon, Northwest Territories and Nunavut.
For some agricultural products, human consumption is only one of many uses for the product. For example, over a quarter of corn production in the United States goes to nonhuman consumption applications including fuel production, animal feed, and seed (USDA-ERS 2002a). In addition, a significant fraction is used as raw material to produce highly refined products such as high fructose corn syrup, beverage alcohol and refined sugars, in which it is assumed that contaminants are eliminated during the food processing. Because the individual agricultural products are combined into general food categories, it was necessary to estimate the percentage of production of each product that enters the human food supply from each region before summing with other products.
This adjustment corrects the relative production rate between states or provinces that produce products with different proportions of production going to non-human consumption uses. In the case of corn, for which there are many non-human consumption uses, failure to adjust production values would result in overestimating production of produce in corn-producing regions. Adjustments were also made to correct for the fraction of specific agricultural products that are exported out of the continent (USDA-ERS 2002a).
The accuracy of the production data was evaluated by comparing estimated production rates to estimated population intake rates. Intake rates for individual food categories in the model are based on the USEPA Exposure Factors Handbook (EPA 1997), interpreted to combine individual crops to match the food typed used for production rates. The production rate was higher than the intake rate for leafy vegetables, exposed produce, grains, eggs, dairy and meat, but in all cases within a factor of three. Production rates for root crops and protected produce were similarly within a factor of four of estimated population consumption rates. The discrepancy is reasonable, and can be attributed to losses due to waste in food processing and preparation and spoilage at all stages of distribution and use. Given the uncertainties associated with combining food production estimates into broad categories, and the variability in data quality and availability, the relative production values reported in Table 1 are approximate and should be treated as a "best estimate" of the distribution of regional food production for North America.
Intake Fraction in source-to-intake modeling Intake fraction is defined as the integrated incremental intake of a pollutant released from a specified source or source class, summed over all exposed individuals and occurring over a given exposure time, per unit of pollutant emitted (Bennett, et al. 2002b) . Within a defined region intake by a hypothetical representative individual resulting from spatially averaged exposure concentrations within that region is calculated and extrapolated to the entire population. This "per caput" approach was originally develop by the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) to assess population dose commitments from nuclear technologies and radioactive fallout (UNSCEAR 1977 ). An advantage of a population-based measure is that it accounts for the number of exposed individuals, which may be large if the chemical travels a long distance in the environment and/or if the population density is high. However, it provides no information on exposure variation among individuals within the population of that region.
When using a multi-media contaminant fate model and a multi-pathway exposure assessment, intakes through multiple routes should be considered. In this paper, we assume that dose response functions relate to applied dose. As a result we sum intake across all exposure routes (inhalation, ingestion, and dermal uptake).
If more than one region is considered in the assessment, as in the 24 regions of the BETR North America model, the population iF can be summed over all regions:
(1) using the TaPL III model (Beyer, et al. 2000) . The CTD is the distance pollutants travel in an idealized model environment before their concentrations are reduced by a factor of 12 2.718, or e, by irreversible deposition and/or degradation. The four chemicals encompass a range of CTDs, with relatively short and long travel distances represented for both hydrophobic and volatile compounds. In North America, emissions of the four chemicals considered here are dominated by releases to air and only this emission scenario is examined here. The emission rate for all chemicals was 1000 kg/year, but this selection was arbitrary since the rate of emissions cancels out in calculating iF.
As a baseline for comparison, the BETR model framework was re-parameterized to 
RESULTS
Results from the non-spatially differentiated model are presented in Table 3 . For both benzene and carbon tetrachloride, inhalation is by far the dominant exposure route for the population. The iF for carbon tetrachloride is an order of magnitude higher than that of benzene due to its longer environmental persistence. The dominant exposure pathway for B[a]P is deposition to vegetation and subsequent consumption by the population, while TCDD exposure is through the agricultural food chain. B[a]P exposure from meat and dairy products is relatively low because it is subject to metabolism by animals in the agricultural food chain, while TCDD is not. Table 4 .
For three of the four chemicals, greater than 75% of the total variation in iF with release location can be accounted for by a linear model with one or two independent variables, as indicated by each R 2 in Table 4 . The equations only consider spatial variability in model input parameters between the source regions. Therefore, they are most effective at describing variability in iF for benzene and B[a]P, which have relatively short CTD.
These contaminants are not efficiently transported in the environment out of their region of release, but are distributed to the entire continental population in foods produced in the source region.
For the volatile compounds, the magnitude of the R 2 indicates the relative importance of exposure in the region where emissions took place compared to the exposure due to interregional transport. Evaluation of volatile chemicals with shorter atmospheric half-lives and characteristic travel distance than benzene, for example 1,3-butadiene, yielded R 2 values greater than 0.9 in regressions against population density in the region of emission. However, even for carbon tetrachloride, which is effectively transported between regions of the model in the atmosphere, the simple linear regression model accounts for a significant amount of the variability due to release location.
DISCUSSION
From a public health perspective it is important to acknowledge that exposures occur through multiple pathways and routes including inhalation, food consumption and dermal contact, and that the relative importance of these pathways and the magnitude of population exposure may be determined by the location of sources. Total population exposure depends on a diverse set of variables that include (1) chemical properties, especially persistence and environmental partitioning, (2) environmental transport and sequestration processes, (3) the proximity of sources to population and (4) the proximity of sources to regions of food production. The interactions between these variables are complex and sometimes non-intuitive. A model such as the one described here, interpreted using intake fraction, is a useful conceptual tool for understanding the relative efficiency with which chemicals migrate through the environment to humans. For the public and policymakers, a spatially explicit assessment is more credible and informative than a single-region assessment that ignores two of the four variables that determine population exposure.
Although uncertainty and variability in chemical properties and environmental conditions are included in uncertainty analyses, the intensity of food production and population density within the study area are often overlooked. These model assumptions can contribute significantly to the overall uncertainty in iF calculated by single region models such as EUSES and CalTOX. Based on the calculations presented here for emissions of 16 contaminants to air in North America this variability can be 2 -3 orders of magnitude, depending on the chemical being considered. In general, chemicals that are widely transported in the environment will exhibit lower variability in iF due to location of release because the chemical will not establish strong concentration gradients in the environment. In other words, the common assumption that pollutants are well-mixed within the environment is most applicable when chemicals are transported effectively over the spatial scale of the model region in the assessment.
The magnitude of variability in iF attributable to release location determined here is comparable to the 0.5 -6 orders of magnitude range of uncertainty in toxicity potentials resulting from uncertainties in fate and transport, exposure, and toxicity using a conventional multimedia model (Huijbregts, et al. 2000b) . Therefore, failing to consider spatial variability in assessments of iF may significantly under represent uncertainty in the overall assessment of risk to human health and life-cycle impact assessment.
Moreover, the true spatial variability in population exposure is probably greater than that calculated by the BETR model. For contaminants released to air with inhalation as the dominant exposure pathway, the key parameter determining population exposure is the population density in the area impacted by the emissions. The area affected by emission is a function of the characteristic travel distance of the chemical. In this exercise the model regions of North America are large and are characterized by an average population density. Contaminants with short CTD will have strong gradients of concentration on spatial scales smaller than those described by the model, which will therefore underestimate variability in population exposure by ignoring the overlapping gradients in population density and exposure concentration. In multi-pathway exposure assessments uncertainties are lowest for exposure through inhalation thus increasing the relevance of accurately characterizing the spatial variability of inhalation exposure due to variations in population density. Therefore the application of this model for volatile compounds should be limited to compounds with a spatial range comparable to the size of the region (i.e., not less than approximately 500 km). Ideally, the spatial scale of the region or set of regions used in a model assessment should correspond to the spatial range of the contaminant.
For compounds where exposure by the ingestion pathway dominates, information on spatial variability in food production rates is essential for compiling an accurate assessment. This information is much less readily available than the population data required for inhalation-dominant chemicals. Additionally, there is much greater uncertainty in the source-to-intake relationship for these chemicals due to the uncertainties associated with contaminant transfer into food. Because of these limitations, we believe the spatial scale of the BETR North America model is appropriate for hydrophobic contaminants released from area sources regardless of their CTD.
In compiling a population-level exposure assessment, the advantages of a spatially explicit model must be weighed against the increased requirements for input parameters and computation over the corresponding single-region model. For screening-level impact assessments at the population level it is likely advantageous to compile the initial assessment using a single region model and then apply a spatially resolved model as required to characterize variability in population exposure as a function of release location. The spatially explicit model can be used to compliment a simpler single-region assessment, and to address specific policy questions. Ultimately, the decision whether or not spatial variability needs to be included in population-level exposure assessments must be made on a case-by-case basis, considering the goals of the assessment and the characteristics of the chemicals under consideration.
It is noteworthy that exposure assessments that do not include spatial resolution are not able to address certain key policy questions. For example, a spatially explicit assessment is necessary to evaluate the relative contribution to total population intake in a remote region due to a small local source versus a larger source in a distant location. The nature and extent of anticipated health effects -whether they are chronic and stochastic or acute and non-stochastic -may also dictate whether a spatially explicit assessment is required.
Non-stochastic effects are those for which the severity of the effect increases with dose.
For non-stochastic and acute effects refinement of the initial assessment should focus on more accurately describing the distribution of doses experienced by individuals within the population. Stochastic effects are those for which the likelihood or incidence of a defined effect increases with dose. For stochastic and chronic effects, population intake is the relevant measure of risk and a spatially explicit assessment would be useful to deduce relative population exposures due to sources in different locations.
The regression analysis presented here offers a method to extrapolate from a generic exposure assessment to estimate iF values for a range of population density and food production activities in an assessment region. The regression results indicate that variability in population density and intensity of food production has a greater influence on population exposure than variability in environmental conditions between release locations. In assessments using single-region models, the magnitude of this variability can be estimated from the variability in population density and intensity of food production within the area under consideration.
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